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Abstract
The development of innovative strategies and environmentally-friendly resources for the
sustainable production of fuels and chemicals from renewable materials has recently received
much interest in the scientific world. Among such resources, biomass has enormous potential as
a raw material for generation of green fine chemicals to replace the petroleum feedstocks
currently in place. Biomass derived carbohydrates can be converted into such valuable platform
chemicals as levulinates, 5-hydroxymethyl furfural (HMF), and lactates. In order to catalyze the
biomass conversion process, porous transition-metal oxide catalytic systems have been
developed in this study. High catalytic activities and potential for reusability of such systems
serve as the main motivation for this research.
TiO2 nanoparticles, TiO2-ZrO2, and TiO2-Zn catalysts were successfully synthesized,
characterized, and analyzed for the conversion of various biomass starting materials into
platform intermediate molecules. Selectivities and activities of each of these three systems were
studied extensively and compared to each other in an attempt to determine the best possible
catalyst for the generation of the desired products. Brønsted and Lewis acidic nature of the
catalysts was studied as part of this work. TiO2 nanoparticle and TiO2-ZrO2 systems are example
of Brønsted acidic catalysts that generate levulinate products, while the TiO2-Zn system is an
example of a novel catalyst that exhibits both Brønsted and Lewis acidity, and therefore
produces both levulinate and lactate products in considerable yields. In addition to synthesis
optimization and characterization for each of the systems, surface and reusability studies were
conducted. The catalytic potential of each of the three catalytic materials is discussed in detail,
with several conclusions being reached regarding the effectiveness of each catalyst on the
biomass conversion reaction.
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1. Introduction
1.1 Relevant Background
Diminishing fossil fuel resources, uncertainties of future supplies, and growing
environmental concerns require development of alternative technologies for sustainable
production of fuels and chemicals.1,2 The biomass resources constitute a huge reservoir of
renewable organic carbon that can be used for sustainable production of biofuels, fuel additives,
fine chemicals, and polymeric materials.3 Therefore, recently there has been much interest in the
area of biomass carbohydrate conversion to platform molecules under mild conditions.4 Such
biomass sugars as, for example, glucose and fructose can be transformed into a variety of useful
intermediates including alkyl lactates4, alkyl glucosides4, alkyl levulinates5, 5-hydroxymethyl
furfural (HMF)6, and gluconic acid.7 Considering a variety of these versatile intermediates, alkyl
levulinates and alkyl lactates are two quite promising building blocks in biomass refinery, being
consistently classified among the top 12 chemicals converted from biomass by the US
Department of Energy’s National Renewable Energy Laboratory.8 Selective production of these
platform molecules on a larger scale has a lot of potential and industrial appeal in the everpresent quest to greener fine chemicals and biofuels.
For years, the most common and widespread method of biomass conversion into useful
chemicals involved the use of homogeneous mineral acids, such as H2SO49, or metal chloride
salts.10 The use of such catalysts as sulfuric acid has indeed been proven to be highly effective4,
but it requires special and costly processing in terms of neutralization, catalyst separation,
equipment corrosion, and catalyst reusability11. Thus, considering numerous current
environmental concerns, many researchers tend to move toward more environmentally friendly
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projects, one of which involves the use of recyclable heterogeneous solid acids and bases as
opposed to materials like H2SO412.

1.2 Heterogeneous Solid Acid Catalysts
Heterogeneous sulfated solid acid catalysts serve as new, renewable, and environmentally
benign materials with high activity for the production of various useful organic chemicals such
as levulinate esters and lactates4,5. In this work, three catalytic systems are analyzed and
compared in terms of effectiveness on biomass conversion reaction. These systems are: titania
(TiO2) nanoparticles, sulfated titania-zirconia (TiO2-ZrO2), and sulfated titania-zinc (TiO2-Zn).
The conversion of biomass sugars to intermediates with the aid of each of these catalysts yields
different products based on the specific properties of the three aforementioned materials.
However, each of these catalysts offers an advantage over the homogenous systems
discussed above due to fact that they are reusable, cost-effective materials that tend to reduce the
production of hazardous side products. Heterogeneous solid acid catalysts still possess the
required acidic properties to generate platform molecules from biomass in reasonably high yields
while avoiding catalyst deactivation13, generating low amounts of waste, and being economically
sound in terms of product purification.14 In addition, solid acid catalysts discussed in this work
are all highly porous, thus leading to enhanced catalytic activity and selectivity in terms of
levulinate and lactate production. The porosity is a key factor in this type of heterogeneous
catalysis because the activity of each system is enhanced greatly if the substrate can access the
active sites in the pore system.15 Mesoporous solid acid materials such as sulfated TiO2
nanoparticles, TiO2-Zr, and TiO2-Zn are especially effective in the conversion of biomass sugars
because their highly porous morphology allows for unhindered access of the sugars to the
catalytic sites.15
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1.3 Acid Type Control
In general, solid-acid catalysts are generally categorized by their Brønsted and/or Lewis
acidity, the strength and the number of these sites, and the morphology of the support.16 To
obtain high selectivity toward the desired products in a synthetic reaction all these properties
must therefore be considered. In addition, the control of the acid type on the catalyst surface is
crucial for its selectivity, because different acid types lead to the formation of different products.4
The proposed synthetic pathway for the production of levulinate and lactate intermediate
platform molecules from glucose is shown in Figure 1 below as a general scheme:

Figure 1: Reaction pathway for the conversion of carbohydrates to platform molecules4
As can be seen from Figure 1, the reaction can take two main routes, leading either to the
formation of alkoxyl lactate or alkoxyl levulinate. Pure TiO2 nanoparticles and the TiO2-ZrO2
catalytic systems lead to the formation of the levulinate product due to the presence of Brønsted
acid sites on the respective catalyst’s surface. The reaction typically starts with isomerization of
9

glucose to fructose, followed by dehydration to produce the HMF intermediate, whose
subsequent rehydration yields levulinic acid. On the other hand, using the more Lewis acidic
TiO2-Zn catalytic system, the lactate product appears in considerable amounts along with the
levulinate coming from the Brønsted sites. Thus, altering the surface of titanium oxide by adding
zinc changes the reaction pathway to form the lactate product by diminishing the number of the
Brønsted acid sites and forming the Lewis acid sides instead. At the end of biomass conversion
process, therefore, both Brønsted and Lewis products are present simultaneously in varying
amounts.
The ultimate goal of this study is to compare the catalytic effectiveness of the two
systems leading to the Brønsted levulinate product, while at the same time considering an
important observation about the titania-zinc system and its tendency to generate both lactate and
levulinate products simultaneously in considerable yields.

1.4 Industrial Appeal and Cost
All of the catalytic systems presented in this work are being studied in order to produce
materials that can be used as potential fuels and chemicals. These processes are environmentally
friendly and the goal is to introduce new catalysts that are heterogeneous and can be used
commercially on larger scales. Because the current systems in use are all homogeneous, the
separation of the reactants, products, and catalysts is extremely difficult. In addition, these
systems lead to production of unwanted soaps and use highly basic liquid catalysts that are very
corrosive. All of these factors lead to high production costs with low reusability potential.
The heterogeneous materials synthesized and analyzed in this study, however, are more
benign. These systems preserve catalytic activity even after a number of recycles, meaning that
commercially they are much more economically attractive to the industrial world.
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2. Experimental
2.1 Preparation of Heterogeneous Catalysts
2.1.1 Titania-Zirconia System
Modified co-precipitation method was used to prepare the sulfated TiO2-ZrO2 catalysts.
Titanium oxysulfate-sulfuric acid complex hydrate (TiOSO4•xH2SO4•xH2O), the titania source
for the catalysts, was purchased from Sigma-Aldrich. A 3.45 g, or 0.0125 mol, sample of this
complex was first dissolved in 50 mL of distilled deionized water. At the same time, a
stoichiometric amount (10%-50%, labeled TZ10-50) of zirconium dinitrate oxide hydrate
(ZrO(NO3)2•xH2O), purchased from Alfa Aesar, was also dissolved in 50 mL of distilled
deionized water. After the starting titania and zirconia precursors were completely dissolved, the
two solutions were mixed and stirred for 60 minutes to form a homogeneous species. Upon the
formation of the homogeneous solution, ammonium hydroxide (28.0-30.0%), purchased from
Mallinckrodt Baker, was added dropwise. The pH of the resultant mixture was monitored, and
the addition of NH4OH was stopped once the pH of the solution reached between 9 and 10
(confirmed by litmus paper tests). The formed precipitate was then stirred continuously for 24 h
under room temperature. After this, the precipitate was isolated from the mother liquor via
vacuum filtration. The precipitate was then oven dried at 110 °C overnight and crushed into fine
powder the following day. In the final step, the crushed powder was calcined in air for 3h at 500
°C.
2.1.2 Titania Nanoparticles
Similar to the Titania-Zirconia system described above, the synthesis of TiO2
nanoparticles was also based on a modified co-precipitation method, with all of the chemicals
being purchased from Alfa Aesar. In this case, the titania nanoparticles were synthesized via
11

precipitation of TiOSO4•xH2SO4 complex with ammonia solution at 85 °C under acidic
conditions. The pH value of the system was controlled continuously during precipitation, and
upon complete dropwise addition of the stoichiometric amount of ammonia, the solution was
refluxed overnight with continuous stirring. The resulting mixture was filtered under vacuum to
remove any possible impurities and washed with an adequate amount of distilled deionized water
until the filtrate pH was neutral. Following this step, the isolated precipitate was dried overnight
at 120 °C, and the following day crushed into fine powder and calcined in air at 500 °C for 3h.
2.1.3 Titania-Zinc System
In the case of the TiO2-Zn catalysts, the modified co-precipitation method was used once
again. A hot water bath was first prepared for the synthesis by heating 400 mL of distilled
deionized water to 80 °C. A 10.5 g sample of TiOSO4•xH2SO4 complex, purchased from Alfa
Aesar, was then dissolved in the previously prepared hot water bath. In the following step, a
stoichiometric amount of ZnSO4 (10%-50%, labeled Ti-Zn 10-50), previously dissolved in 50
mL of distilled deionized water, was added dropwise by a mechanical pump into the water bath
already containing the titania precursor. As the dropwise addition of zinc sulfate solution was
occurring, the pH of the resulting titania-zinc mixture was simultaneously controlled at 4.3 via
continuous dropwise addition of 9% NH4OH solution. Once the addition of the zinc solution was
completed, the resulting mixture was refluxed for 4 h, followed by a vacuum filtration to isolate
the precipitate. The solid white precipitate was then washed with distilled deionized water and
dried overnight at 120 °C. The following day, the precipitate was crushed into fine powder and
calcined under air for 5 h at 600°C.
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2.2 Characterization
2.2.1 Powder X-ray Diffraction (PXRD)
The Powder X-ray diffraction patterns were obtained using a Rigaku Ultima IV X-ray
diffractometer with Cu Kα radiation and a beam voltage of 40 kV as well as 44mA beam current.
All of the diffraction patterns were obtained from 5°-75° under continuous scan speed of 2.00°
min-1. Rigaku PDXL software was used to analyze the obtained peaks. PXRD patterns were
obtained for all three of the catalytic systems presented in this work.
2.2.2 Field Emission Scanning Electron Microscopy (FESEM)
Field emission scanning electron microscopy micrographs were taken using a Zeiss DSM
982 Gemini emission scanning microscope with a Schottky emitter operating at 2.0 kV with a
beam current of 1.0 µA. The analyzed samples were ultrasonically dispersed in methanol and
deposited onto a silicon wafer prior to FESEM imaging. FESEM analysis was carried out for
TiO2 nanoparticles and titania-zirconia systems presented in this work.
2.2.3 High Resolution Transmission Electron Microscopy (HRTEM)
High resolution transmission electron microscopy studies were carried out using a JEOL
JEM-2010 transmission electron microscope operating at 200 kV. The characterized material
was dispersed in methanol prior to analysis. A drop of the dispersion mixture was placed on a
carbon coated copper grind and allowed to dry at room temperature before the subsequent
imaging procedure. HRTEM images were obtained for TiO2 nanoparticles and titania-zinc
systems presented in this work
2.2.4 Thermogravimetric Analysis (TGA)
Thermogravimetric analyses of the prepared catalysts were performed on a Hi-Res TA
2950 thermogravimetric analyzer with 60 mL/min air flow. Temperature range was from 25 °C
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to 1000 °C at a heating rate of 10 °C/min. The TGA plot was obtained for the TiO2 nanoparticle
system presented in this work.
2.2.5 Brunauer-Emmet-Teller (BET) Nitrogen adsorption/desorption
The N2 adsorption and desorption experiments to analyze the textural properties of the
synthesized materials were performed using a Quantachrome Autosorb-1-C automated high
performance surface area and pore size analyzer. The samples were pre-degassed for 12 h at
either 150 °C (TiO2 nanoparticles and titania-zinc) or 300 °C (titania-zirconia), with the surface
areas determined by multi-point BET method. Surface areas were determined for all three of the
catalytic systems presented in this work.

2.3 Biomass Conversion Catalytic Study
2.3.1 Pressurized Reactor
i. Titania-zirconia system
Biomass conversion experiments were carried out in a 100 mL cylindrical
stainless steel pressurized reactor made by PARR Instrument Company, USA (shown in Figure
2). In a typical reaction, 90 mg of the desired sugar, 50 mg of titania-zirconia catalyst, and 10 mL
of absolute methanol (purchased from J.T. Baker) were loaded into the reactor. The reactor was
then sealed, purged with nitrogen gas, and pressurized with nitrogen to the final pressure of 20
bars (system shown in Figure 3). The reactor was then gradually heated to the final temperature
of 200 °C and held there for 1 h under continuous stirring. Upon the completion of the reaction,
the reactor was quenched in an ice bath prior to isolating the contents, which were then
centrifuged and filtered using a 0.45 µm syringe filter. Reusability tests were performed under
the same reaction conditions without any pretreatment, and after the 5th reusability trial, the
catalyst was recovered, dried, and calcined in air for 3 h at 500 °C.
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ii. TiO2 Nanoparticles System
In the case of TiO2 nanoparticle catalytic system, conversion experiments were carried
out in the aforementioned 100 mL cylindrical stainless steel pressurized reactor. In a typical
reaction in this case, 1 mmol of the desired biomass source was weighed out and placed into the
reactor along with 100 mg of the catalyst and 20 mL of absolute methanol as the solvent. The
reactor was then sealed, purged with nitrogen gas, and pressurized with nitrogen to the final
pressure of 20 bars. The reactor was then gradually heated to the final temperature of 175 °C and
held there for 1 h under continuous stirring. Upon the completion of the reaction, the reactor was
quenched in an ice bath prior to isolating the contents, which were then centrifuged and filtered
using a 0.45 µm syringe filter. For reusability testing, the catalyst was washed with 20 mL
methanol after each run and dried at 100 °C prior to the next one.
iii. Titania-Zinc System
Biomass studies for the titania-zinc system were partially performed in the 100 mL
cylindrical stainless steel pressurized reactor. In a typical reaction, varying amounts of the
desired biomass source was weighed out and placed into the reactor along with 100 mg of the
catalyst and 20 mL of absolute methanol as the solvent. The reactor was then sealed, purged with
nitrogen gas, and pressurized with nitrogen to the final pressure of 20 bars. The reactor was then
gradually heated to the final temperature of either 150 °C or 200 °°C and held there for 1 h or 3 h
(depending on the chosen biomass source) under continuous stirring. Upon the completion of the
reaction, the reactor was quenched in an ice bath prior to isolating the contents, which were
centrifuged and filtered using a 0.45 µm syringe filter.
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Figure 2: Pressurized Catalytic Reactor (PARR Company, USA)

Figure 3: Heating and Stirring System Setup for the Pressured Catalytic Reaction
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2.3.2 Microwave Reactor
A part of the biomass conversion experiments for the titania-zinc system were initially
carried out using a Biotage Initiator Classic (Figure 4) microwave reactor, made by Biotage
Company, USA. In a typical microwave reaction, 5.0 mL of previously prepared 0.05 M solution
of the desired biomass sugar in methanol was loaded into a labeled glass microwave vial along
with 25 mg of the catalyst and a small stir bar. The glass vial was then loaded into the microwave
reactor and gradually heated up to 140 °C. The reaction was then run at 140 °C for 1 h, with a 15
second pre-stirring setting on the microwave. After the reaction was completed, the contents of
the glass vial were extracted using a needle and a syringe before being transferred into a new vial
and stored in a refrigerator prior to product analysis.

Figure 4: Biotage Microwave Reactor17 (Biotage Company, USA)
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3. Results and Discussion
3.1 Synthesis Optimization
Apart from the catalytic studies, synthesis optimization for each of the three analyzed
systems was one of the most important aspects of this work. Much time and effort was spent on
creating the optimal conditions for catalyst preparation. Such factors as precursor ratio,
temperature, and pH all affect the potential catalytic performance in the biomass conversion
reaction. Therefore, fine-tuning such aspects is of particular importance.
In the case of titania-zirconia system, one of the biggest challenges synthetically was
determining the optimal volume of distilled deionized water for solvation of both the titanium
oxysulfate-sulfuric acid complex hydrate complex and the zirconium dinitrate oxide hydrate. In
addition, the time of mixing of these two precursors was very important. Ultimately, 50 mL
volume of distilled deionized water as well as 60 minute mixing time were determined to be the
optimal conditions to obtain the most effective catalyst. Calcination parameters of the powdered
catalyst were also important in terms of catalytic activity, and it was found that calcining for 3 h
at 500 °C yielded the best results.
Similarly, in the case of the other Brønsted active catalytic system – the TiO2
nanoparticles – synthetic environment was also of utmost importance. Temperature and pH
control were the two key aspects of such synthesis, with the pH value being constantly monitored
throughout the synthesis by a pH electrode submerged into the reaction vessel. Ultimately, 85 °C
under acidic conditions (~pH 4.0) were determined to be the optimal conditions.
Titania-zinc system, as mentioned previously, was also synthesized using a modified coprecipitation method (setup shown in Figure 5). They key aspect of this synthesis was pH control
of the mixture of the titania and zinc precursors as the NH4OH is added to form the precipitate.
18

To create acidic media, pH range of 3.5-4.5 was tested by the use of a pH-meter continuously
monitoring the acidic environment. Exact pH control during the synthesis is very important as it
influences the acidic, and thus catalytic, properties of the final product. After several days
performing the aforementioned synthesis, it was determined that pH of 4.3 is the optimal one for
the titania-zinc system. Thus, the characterization and catalytic results reported herein are based
on the TiO2-Zn system synthesized at pH of 4.3 and 80 °C.

Figure 5: Titania-zinc Synthesis Setup with pH meter and flow pump
19

3.2 Characterization
3.2.1 Catalyst Structure (PXRD, TGA)
Figures 6-8 below show the powder X-ray diffraction patterns for each of the three
catalytic systems analyzed in this work. In the case of TiO2 nanoparticles (Figure 6) PXRD
analysis indicated that the as-synthesized Titania nanoparticles were in the anatase phase. The
broadening of diffraction lines small indicates small crystallite sizes, which were calculated to be
an average of ~4 nm using Scherrer’s equation. The XRD pattern of freshly TiO2 is shown along
with the pattern after the 6th reaction recycle upon calcination of the catalyst. As can be seen
form the pattern, the structure remained in the crystalline anatase titania form even after the 6th
reuse of the nanoparticles.
The XRD patterns for the TiO2-ZrO2 are shown in Figure 7, with TZ10-TZ50 indicating
the zirconia percentage doped into the titania framework. As can been seen from the patterns,
pure sulfated TiO2 was highly crystalline, with the diffraction corresponding to the anatase phase
of titania similar to the TiO2 nanoparticle system. The addition of zirconia, however,
significantly diminished the anatase titania peak intensities in the resultant titania-zirconia
system. Whereas the 10% TiO2-ZrO2 still preserved some crystallinity similar to the anatase
phase, once higher concentrations of ZrO2 were incorporated, the final product became
essentially amorphous suggesting that ZrO2 addition inhibits the crystallization of TiO2.5
In the case of the titania-zinc system, the XRD patterns indicate a high level of
crystallinity regardless of the zinc amount doped into the titania framework. The diffraction
patterns largely correspond to the anatase phase of titania, with the 50% TiO2-Zn catalyst
showing small zinc titanate peak (Zn-TiO3) around the 37° value, likely present due to the excess
zinc in the system.
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Figure 6: Diffraction patterns of TiO2 nanoparticles

Figure 7: Diffraction patterns of TiO2-ZrO2 catalysts
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Figure 8: Diffraction patterns of TiO2-Zn catalysts
In addition to the PXRD patterns, thermogravimetric analysis was also performed for
TiO2 nanoparticle system (see Figure 9). TGA experiment provided information about water and
sulfate ion loss as the catalyst was heated from 0 °C to 1000 °C. The initial water loss is
observed in the first part of the analysis, followed by the SO42- ion decomposition between 450
°C and 700 °C. In fact, a 3% mass decreaase was observed in this temperature range, due to
sulfate ions leaving the TiO2 surface. Sulfate ions contribute greatly to the catalyst’s acidity and
thus actiivity levels, and it is therefore important to understand the temperature range of sulfate
loss in terms of thermal stability of the synthesized materials.
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Figure 9: TGA data for freshly prepared TiO2 nanoparticles

3.2.2 Morphology and Porosity (FESEM, TEM, BET)
Morphology and porosity of the synthesized catalytic systems was determined with the
aid of FESEM or TEM imaging (or both), as well as BET experiments. For the TiO2
nanoparticles, FESEM and TEM images are shown in Figure 10 below. As can be observed from
the FESEM images, the titania nanoparticles exhibit no distinct particle morphology. HRTEM
image, however, confirmed the nanosize nature of the nanoparticles, also showing that the
aggregated nanoparticles’ estimate size was consistent with the XRD data (~ 4 nm).
In the case of the TiO2-ZrO2 system, it can be seen from Figure 11 that all of the
materials had similar morphologies, regardless of the zirconia percentage in the system. FESEM
images confirm the XRD observation that the catalysts exhibit amorphous morphology.
Additionally, it can be seen that the titania-zirconia materials are composed of quasi-spherical
microparticles with inner-aggregate pores, the size of which affects the catalytic activity on the
surface of the material.
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Ultimately, the TEM image for the TiO2-Zn image (see Figure 12) showed aggregated
nano-crystalline titanium oxide morphology. These observations are also in line with the XRD
data obtained previously.

Figure 10: FESEM and TEM images of TiO2 nanoparticles
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Figure 11: FESEM images of TiO2-Zr catalysts

Figure 12: TEM image of the TiO2-Zn catalyst
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In addition to the microscopy techniques discussed above, nitrogen sorption experiments
were also key in determining catalysts’ morphology and surface areas. The sample BET
isotherms of the titania-zirconia system are provided in Figure 13. The BET surface areas of the
titania nanoparticles and the titania-zirconia systems were also calculated from the sorption data.
Table 1 shows that the BET surface area of the TiO2 nanoparticles was equal to 238 m2 g-1,
which is much greater compared to the titania-zirconia system. The largest surface area for TiO2ZrO2 was observed in the TZ30 system, but it was still much lower than the nanoparticle one at
131 m2 g-1.
Surface area is a very important factor in these porous systems when it comes to catalytic
activity. Therefore, it is not surprising to see higher conversions of biomass sources via the
Brønsted pathway to useful levulinate intermediates using the pure TiO2 nanoparticles, as
opposed to the titania-zirconia system.

Figure 13: BET isotherms of the TiO2-Zr catalyst
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Table 1: Textural Properties of the Compared Catalytic Systems
Catalyst
BET Surface Area (m2 g-1)
Pure TiO2
41
TZ10
62
TZ20
82
TZ30
131
TZ40
119
TZ50
106
TiO2 nanoparticles
238

3.2.3 Acid Site Determination
When it comes to the novel titania-zinc catalytic system which produces both Lewis and
Brønsted biomass derivatives from the starting sugar materials, it is important to determine the
trend in the number of these acid sites as titania is doped with zinc. Unlike the titania
nanoparticle and the titania-zirconia systems that produce mainly the Brønsted levulinate
products, titania-zinc alters the catalytic pathway (see Figure 1) in such a way as more zinc is
incorporated into the titania framework, fewer Brønsted sites are observed, and thus a higher
number of Lewis acidic sites is present to create the lactate product.
In order to determine the relative amount of Brønsted acid sites in each of the prepared
titania-zinc catalysts, a special titration experiment was designed using NaCl and NaOH
solutions. 100 mL NaCl solution was first titrated to pH 7 using NaOH solution, followed by
withdrawing 10 mL of the resulting neutral species and adding 200 mg of the desired catalyst.
This mixture was then stirred for 24 h, and after this the pH of the catalyst solution was
measured to determine the number of H+ ions in solution that displaced the sodium ions. The
results of the titration are shown in Figure 14, indicating clearly that the number of Brønsted acid
sites decreases as zinc percentage increases. This agrees completely with the hypothesis that as
more zinc is introduced, fewer Brønsted, and thus more Lewis, catalytic sites are observed. The
titration results showed that the number of Brønsted acid sites of 10% TiO2-Zn system is
27

minimal and increases further as more zinc is present, indicating that even just a small amount of
zinc significantly reduces the number of Brønsted acid sites in the structure, therefore leading to
lower levulinate and higher lactate product yields.

Figure 14: Brønsted Acid Site Titration for TiO2-Zr Catalyst

3.3 Investigation of Conversion of Different Biomass Starting Materials
One of the most important aspects of the work carried out in this biomass conversion
study was the analysis of various starting materials in terms of levulinate and lactate platform
products. The underlying assumption was the fact that due to its fairly simple structure with
respect to other sugars, fructose would produce the highest conversions (obtained by HPLC
analysis) and yields (obtained by GC-FID analysis) of the desired products, while glucose and
more complex sugars would exhibit lower yields. At optimized reaction conditions, as shown in
Table 2 and Table 3, fructose did indeed produce the highest methyl levulinate yields for the
Brønsted acidic TiO2 nanoparticles and TiO2-ZrO2 catalyst, respectively. When glucose is
converted, however, the reaction pathway involves glucose isomerization into fructose, which is
then converted to methyl levulinate. Glucose isomerization is relatively slow, meaning that its
rate controls the selectivity to methyl levulinate.4 Additionally, the use of disaccharides such as
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sucrose and cellulose (disaccharides of fructose and glucose, respectively) also requires
hydrolysis of these starting materials to their respective monosaccharides. This hydrolysis
process also needs to be catalyzed, therefore requiring longer reaction times, and thus producing
lower observable yields after just 1 hr, as can be seen in Tables 2 and 3. In general, TiO2
nanoparticle catalyzed reaction reached yields of up 80% of methyl levulinate for fructose, while
the respective 50-50 TiO2-ZrO2 catalyst produced yields of methyl levulinate reaching 71% for
fructose.
Table 2: Methyl levulinate yields from different starting materials using TiO2 nanoparticles
Yield/Selectivity (%)
Substrate

Conversion (%)

Methyl Levulinate (%)

Fructose

>99

80

Glucose

>99

61

Sucrose

82 (1h), >99 (3h)

51 (1h), 65 (3h)

Cellulose

72

42

Reaction conditions: 20 mL methanol, 100 mg catalyst, 175 °C, 1 h

Table 3: ML yields from different starting materials using 50-50 mixture of TiO2-ZrO2 (TZ50)
Yield/Selectivity (%)
Substrate Conversion (%) Methyl Levulinate (%)
Fructose

>99

71

Glucose

>99

23

Sucrose

80

54

Cellulose

72

32

Reaction conditions: 10 mL methanol, 50 mg catalyst, 200 °C, 1 h
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With respect to the more Lewis acidic titania-zinc catalyst, the percentage yields of the
levulinate and lactate from fructose and glucose are summarized in Table 4 for the most active
20% TiO2-Zn system. As can be seen from the results, the yield of the Brønsted product methyl
levulinate is lowered to 12-13% and 41-45%, depending on the reaction temperature. At the
same time, however, the yield of the Lewis product methyl lactate is drastically increased form
negligible amounts in titania nanoparticle and titania-zirconia systems. 26-28% and 28-40% of
methyl lactate is observed depending on the reaction temperature from fructose and glucose
starting materials. Once again, the glucose yields of both products are generally lower than
fructose ones due to the intial glucose isomerization step in the reaction mechanism discussion
previously in this work.

Table 4: Methyl Levulinate and Lactate Yields using 20% TiO2-Zn Catalyst
Yield/Selectivity (%)
Substrate

Conversion (%) Methyl Levulinate (%) Methyl Lactate (%)

Fructose (150 °C)

>99

13

28

Glucose (150 °C)

>99

12

26

Fructose (200 °C)

>99

41

40

Glucose(200 °C)

>99

45

28

Reaction conditions: 20 mL 0.05 M fructose/glucose in methanol, 100 mg catalyst, 150/200 °C, 1 h
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3.4 Catalyst Reusability
One of the most important aspects of heterogeneous solid acid catalysis is the fact that
such catalytic systems are known to be highly reusable, thus providing an advantage over the
common homogeneous system currently in place. Reusability studies were performed for both
TiO2-ZrO2 catalyst and TiO2 nanoparticles and, with the results being shown in Figures 15 and
16, respectively. Figure 15 shows the yield of methyl levulinate from fructose after recycling of
the TZ50 catalyst. The methyl levulinate yield gradually decreased after each reuse, but after the
5th cycle the deactivated catalyst was regenerated under calcination in air, once again increasing
the yield to over 50%. The trend observed in Figure 15 suggests that the primary cause of
catalyst deactivation over time is due to the deposition of solid humins on the catalytic surface.
Active sites are thus blocked due to coke (humins) deposited on the surface. 6 The formed coke
can be removed through thermal treatment of the catalysts. However, the full activity of the
catalyst is not recovered likely due to the leaching of the acidic sulfate species. 18

Figure 15: Reusability of TiO2-ZrO2 Catalyst (using TZ50)
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With respect to the TiO2 nanoparticles, similar reusability trends were observed; with the
methyl levulinate yields decreasing gradually over time (see Figure 18). The color of the catalyst
changed from white to dark brown, indicating the accumulation of the aforementioned humins on
the surface of the catalyst. However, as discussed earlier, TiO2 shows greater thermal stability
and catalytic activity than the titania-zirconia system, meaning that although the methyl
levulinate yields dropped over time, they were still reasonably high after each reuse and upon the
subsequent calcination after the 5th step.

Figure 16: Reusability of TiO2 nanoparticles
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3.5 Comparison of the Catalytic Properties of the Three Tested Systems
After analyzing various catalytic systems for the biomass conversion reactors, several
important trends can be observed regarding the catalytic results presented earlier in this work.
The primary objective of this study was to compare the Brønsted acidic TiO2 nanoparticles and
the TiO2-ZrO2 catalysts, as well as to introduce a novel class of TiO2-Zn materials, whose
properties allow for the formation of both Brønsted levulinate products and the Lewis lactates
from the starting biomass source.
In terms of catalytic activity, reusability, and stability, TiO2 nanoparticle system can be
considered the more effective of the two Brønsted catalysts introduced and discussed. TiO2
nanoparticles possess higher surface areas and produce levulinate in higher yields than their
titania-zirconia counterpart. Although the general structure and properties of the two catalysts are
similar, when it comes to the obtained catalytic data, titania nanoparticles clearly show
improvement over the titania-zirconia system.
At the same time, the titania-zinc catalyst showed promising results in terms of gearing
the biomass conversion reaction toward the Lewis acidic lactate product. Brønsted active site
amount is reduced, resulting in the catalyst being both Brønsted and Lewis active, thus adding to
its versatility for the production of valuable platform intermediates. Although the yields of the
levulinate and lactate products are reduced in comparison to the titania nanoparticles and titaniazirconia systems, the fact that both products could be isolated in considerable yields shows great
promise and improvement for the future.
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4. Conclusions
Due to growing environmental concerns and the quest for greener, cleaner fuels,
heterogeneous porous transition metal oxide catalytic systems have attracted much industrial
interest. One such application of these materials is the conversion of biomass resources into
useful intermediate products. In this study, three heterogeneous catalytic systems were
successfully synthesized, analyzed, and compared in terms of catalytic performance on the
conversion of biomass sugars to such important intermediates as levulinates and lactates. The
three systems presented in this work are TiO2 nanoparticles, a mixed-metal TiO2-ZrO2 system,
and a novel TiO2-Zn system. Among these three catalysts, the titania nanoparticles and the
titania-zirconia system exhibit primarily Brønsted acidic properties that lead to the production of
levulinic acid and its ester derivatives. Titania-zinc system, however, possesses both Brønsted
and Lewis acidic properties, therefore catalyzing the biomass conversion reaction to produce
both levulinate and lactate (Lewis pathway) products.
In terms of effectiveness of each of the aforementioned systems, numerous studies have
been performed to analyze the selectivity and the yield of each system. It has been shown from
the presented data that the TiO2 nanoparticle system leads to higher yields of the Brønsted
levulinate product than the TiO2-ZrO2 catalyst. In addition, it has been shown that the TiO2-Zn
system is able to catalyze the reaction in such a way that both levulinates and lactates are isolated
in considerable yields. This observation can potentially lead to gearing the biomass conversion
catalysts to produce more of the Lewis acidic lactate products in addition to the established
Brønsted products that can be obtained via the use of titania nanoparticles or the titania-zinc
system.
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5. Future Work
Future work in this area can potentially include improving biomass conversion reaction
conditions to obtain higher yields of the desired products. Such factors as temperature, pressure,
catalyst loading, and reaction time all affect the final yields of the desired products. Additionally,
use of different solvent systems, instead of the described methanol solvent, can be explored to
see the effect on the activity of the catalysts.
In terms of TiO2 nanoparticles and the TiO2-ZrO2 Brønsted acidic systems, reusability of
the catalysts is a very important area to be further explored. Leaching studies and the
determination of sulfate species and acidities of the prepared materials is of utmost importance.
In order to improve the catalysts’ reusability in the future, it is important to understand why
deactivation occurs over time.
When it comes to the titania-zinc system discussed in this study, there is much potential
for future studies to improve the yields of the lactate product and to understand the origin of the
switch from the Brønsted to Lewis activity of the catalyst. Reusability studies of these catalysts
will also be performed in the future, as well as the surface area and morphological experiments.
Preliminary data presented in this work shows much promise, but considerable improvements of
the TiO2-Zn system can still be made.
Ultimately, the use of other catalytic transition metals can be explored in terms of
biomass conversion reactions. In addition to zirconium and zinc presented in this work, such
metals as Tin and Hafnium have been known to be catalytically active for the conversion
reactions in question. Exploration of these novel systems can also provide many answers in the
future about the function of the catalyst in production of valuable intermediates.
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